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FOREWORD 


The fuel matrix described in this report was developed under Contract NAS3 -22783 
for the National Aeronautics and Space Administration, Lewis Research Center, In 
this work, the blending correlations for viscosity, freezing point, and flash point are 
from the Chevron Research Company and were used with their permission. They 
were made available by the courtesy of Mr. R. 3, O'Donnell, The many suggestions 
on blending and sources for basestocks from Norman R. Sefer have contributed 
substantially in advancing this project. 

The following sources have provided hydrocracked or other kerosenes from internal 
streams which were central to the success of the blending work: 

Sigmor Three Rivers Refinery Mr. 3. F. Olenick Mirando kerosene 

Sohio Petroleum Mr. W. T. Wottring HC kerosefie 

Tesoro -Alaska Petroleum Mr. Mark Necessary HC jet fuel 

The NASA -Lewis Research Center Project Manager originaily was Mr. Francisco 
Flores, and the work was completed with Mr. Roger Svehla, Fuels Research Section, 
Fuels Branch, Aerothermodynatnics and Fuels Division, as Project Manager. 
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SUMMARY 


The coming of synthetic feedstocks and lower quality (heavier^ sour) petroleum 
crudes will have effects on combustion performance. Test fuels whose properties 
cover the range of importance for combustion performance are needed to 
investigate questions of changing fuel quality. The property -controlled (PC) fuels in 
the current work address this need. 

There has been an emerging pattern of observations which have been differentiating 
the effects of hydrocarbon type and simple H/C mass ratio on combustor perfor- 
mance. Test bLnds composed of controlled additions of selected aromatics to 
paraffinic base stocks have been developed to vary hydrocarbon-type composition 
while holding hydrogen content fixed. These fuels are termed composition -control- 
led (CC) test fuels. 


The major steps in the current work were: 

1. Evaluating the test fuel matrix 

2. Locating suitable base stocks 

3. Characterizing the acquired base stocks 

4. Formulating the test fuel compositions 

5. Testing the trial blends 

6. Blending the test fuels 

7. Insp' cting and analyzing the test fuels 

8. Comparison of correlation estimates with measurements 


These steps were performed by iterations in which predictions were made from the 
known properties of available base stocks to the needed formulations to meet 
specified target properties. By this means inaccessible targets were identified (e.g., 
some boiling ranges) and requirements for new base stocks were found (e.g., high 
viscosity material). With trial blends for testing, successful formulations were 
found for all of the primary target properties. This approach to the test fuel 
matrices has proven sound. 


1 


i 


The PC fuels span a boiling range from 150^0 to 335®C; freezing point, -23°C to 
-^3®C; hydrogen content, U.8 to 14.2 mass%| aromatic content, 20 to 50 vol%; 
viscosity, 4 and 11 cSt; and naphthalene content, 8 and 16 vol%. In these blends, the 
freezing point showed the most sensitivity to changes in blend stock concentration 
and identity. 

The CC test fuels were made in two groups: a normal and isoparaffinic base stock 
and a cycloparaffinlc base stock. To these two base fuels were added each of three 
aromatic blend components to control hydrogen content. The components were 
alkyl benzenes, naphthene benzene, and naphthalenes. The three normal and 
isoparaffin blends were 13.5+0.2 mass% hydrogen, while two sets of 
naphthene-based blends were 12.5+0.2 and 11.5+0.2 mass% hydrogen. 

In all cases, blends were made from materials which could be obtained later in 
iarger quantities. No material had more than the limit of 0.3 mass% sulfur. Five 
gallons of each of the 34 test blends were produced for the NASA -Lewis Research 
Center. Ten gallons of each of the 17 base stocks were sent as well. 

Special procedures were used to calculate five specific properties of blended fuels 
based on the properties of the blend components. Most properties were calculated 
as volumetric weighted averages of the properties of the blend stocks. Heat of 
combustion was calculated as a mass weighted average. The reciprocal of the 
smoke point was calculated as a weighted average of the reciprocais of the 
component smoke points. For the fiash point, viscosity, and freezing point, specific 
blending correlations were employed. In all cases, the correlations performed well 
except that for some designated blends in which some cracked stocks were used, 
iarger deviations ( >5%) occurred. 
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INTRODUCTION 


Continuing work in aviation fuels research at the NA$A-Lewis Research Center has 
recognized the need for distillate test fuels spanning the range of properties which 
are important In turbine combustion and may be outside the range of those currently 
being used. Southwest Research Institute was selected to identify and characterize 
blend stocks suitable for the test fuels and then to produce sample quantities of the 
test fuels for laboratory analysis. This report willt 

0 Summarize the development of the test fuel matrix. 

0 Give rationale for choosing blend stocks and characterize them by 
chemical and physical inspections, 
o Explain the formulation of the test fuels. 

0 Describe the properties of the resultant test fuel matrix, 
o Check performance of PC property predictions. 

Background 

One index for describing test fuels composed of a mixture of hydrocarbon types is 
the H/C ratio. Predictions of combustion performance based on H/C ratio alone 
have not been fully successful. Test fuels with equal H/C ratios and made up of 
different hydrocarbon types frequently display different combustion characteristics. 
"It has long been recognized that the combustion behavior of a hydrocarbon is 
different for straight chain paraffins [ both normal and iso ] (which have the highest 
H/C ratio), cyclic paraffins (intermediate in H/C ratio) single-ring aromatics (low in 
H/C ratio) and condensed -ring aromatics (lowest in H/C ratio). Wide differences in 
the behavior of these types of hydrocarbons are clearly demonstrated with diffusion 
flames and measured by flame height in smoke lamps, emissivity in the luminometer 
test, and soot production in burners that inject atomized liquid droplets. 

"Under the highly turbulent and intense mixing conditions of a gas turbine 
combustion, the differences noted in diffusion flame devices tend to disappear and 
the simple fuel quality yardsticks of hydrogen content or H/C ratio appear to 
adequately define the critical combustion parameters of exhaust smoke (soot 


production and burnup) and wall metal temperatures (due to flame emisslvlty or heat 
flux). However, combustors differ significantly in their designs for mixing fuel with 
air, internal recirculation patterns of flames, secondary air flows for cooling and 
dilution of rich burning zones, pressure efej intensity of heat release, etc., leading to 
evidence that the actual structure of a hydrocarbon may still show an effect thait is 
not completely predicted in terms of H/C ratio" (ref.l). 

History 

The impetus for developing a selection of test fuels with a wide range of properties 
came from observations made in laboratories engaged in combustor research. In 
June of 1979, the Coordinating Research Council (CRC) group on Combustion 
Characteristics of Aviation Turbine Fuels suggested the Test Fuel Sources and 
Selection Panel develop recommendations for fuels appropriate for future tests of 
the effect of hydrocarbon type on combustion. Consistent with goals at NASA, this 
matrix was linked with a larger group of fuels with specified properties which were 
to be met with readily available blend stocks from commercial sources. In this way 
NASA has approached the test fuels from two viewpoints: property control and 
composition control. The property-controlled (PC) blend stocks were selected for 
their specific range of properties available, while the composition-controlled (CC) 
stocks were selected for their high concentration of desired hydrocarbon types. The 
characteristics of the blend stocks depend upon the crude oil sources and refinery 
unit operations which they undergo. 

The following are some of the observations which show the effects of hydrocarbon 
type and H/C ratio to be independent: 

o Pratt and Whitney's work for NASA on the experimental vorbix combus- 
tor showed that naphthalene (condensed two-ring aromatic) added to Jet A 
fuel produced higher smoke than predicted by H/C ratio (ref. 2). 


0 MIT’s highly turbulent flame burner revealed that tetralln (condensed 
naphthene -aromatic ring structure) produced more soot than blended fuel or 
xylene (single-ring dimethyl benzene) at the same hydrogen level. It also 
showed lower soot production for decalin (condensed -ring naphthene) than 
mixed fuel under similar combustion conditions (ref.3). 

o Southwest Research Institute’s 2-inch combustor studies of fuels blended 
with different aromatics to the 12.8 -percent H 2 level showed that an 
increment of wail temperature rise beyond that related to H/C ratio was 
associated with a condensed -ring structure. Tetralin appeared to fail outside 
the H/C versus temperature relationship unless both rings were assumed to be 
aromatic (ref.^). 

o General Electric’s reports to the Air Force of 379 and FlOl engine 
combustion tests indicate that fuels containing 2^ percent naphthalenes give 
higher smoke numbers and radiant heat flames than 1 percent naphthalene 
fuels of the same H/C ratio (ref.5). 

With the evidence cited that hydrocarbon structure as well as H/C ratio plays a role 
in smoke production or liner temperatures in gas turbine combustors, the Test Fuel 
Sources and Selection Panel of the CRC was given the responsibility to develop a 
test fuel matrix related to hydrocarbon structure. They considered properties of 
hydrocarbon types that influence the entire combustion process. The most 
important physical properties that play a role are; 

1. Viscosity as it affects fuel atomization and ignition. 

2. Front-end volatility as it affects ignition, particularly starting. 

3. End point as it affects emissions of CO and unburned hydrocarbons and 
also combustion efficiency. 

Other important factors affecting fuel blending are the potential need to examine 
fuels with a broader range of properties than previously encountered for 
enhancement of product availability during times of feed stock shortfalls, and the 
possible trend toward new fuels designed to satisfy more fuel-tolerant engine 
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systems. These changes affect freezing point, flash point, and boiling range, as well 
as other physical/chemical properties. Fuels such as ERBS (experimental referee 
broadened specification) aviation turbine fuel (ref.6), so-called broadcut fuels, and 
future fuels which may contain hydrocarbon and nonhydrocarbon products could 
alter the basic fuel properties. 

The ERBS fuel was intended for use as a reference fuel for investigation into the 
effects of fuel property variations on the performance and durability of jet aircraft 
components. Two variations of the ERBS fuel were specified with the key 
controlled property being hydrogen content at two different levels. The test fuel 
blends developed in the current program have many other controlled properties in 
addition to hydrogen content. These are boiling range, freezing point, aromatic 
content, naphthalene content, viscosity, and hydrocarbon type. 

Scope 

The purpose of the project is to provide test fuels with a specified range of 
properties which have been controlled by blending selected stocks. These fuels can 
be used later to study the relationship of physicai and chemical properties to the 
combustion process, 

Property-Controlled (PC) 

The 1970's saw the petroleum industry short of crude feedstocks, and a trend from 
sweet crudes to less desirable sour and heavy crudes. With this shift has come a 
corresponding change in refinery operations and equipment to process these crudes 
and conversion of crude bottoms into higher quality, more profitable products. 
Compounding an already complex feedstock -processing picture is the possible 
emergence of a synthetic fuels industry. Adjustments in governmental policies over 
the past months indicate an evolutionary synfuels development based on economics 
instead of a revolutionary, government-subsidized industry. This change in emphasis 
indicates that synthetic liquids from shale, coal, and tar sands may become 
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additional feedstocks for existing refineries that have the processing capability to 
handle these materials. 

These two factors, varying quality crudes and synthetic feedstocks, bring to the 
refinery hydrocarbons which will result in fuels with altered properties. With this in 
mind, NASA has prepared a slate of base test fuels to cover the range of variables 
of practical import to combustion phenomena. For these PC test fuels, the property 
variables were volatility (boiling range), hydrogen content, aromatic content, 
freezing point, kinemat; viscosity at -20°C, and naphthalene content. All blends 
were limited to less than 0.3 mass% sulfur. Four selected test blends had to contain 
a cracked stock as one of the components as a test of the blending methods and 
correlations being used. Other properties such as surface tension and fuel 
atomization are not considered here; however, measurements of hydrocarbon type, 
mercaptan sulfur, flash point, heat of combustion, smoke point, thermal stability, 
and nitrogen content were made on selected blends. 

ComDW‘iki'.3n-Controlled (CC) 


To begin the task of formulating a CC test fuel requirements matrix, the CRC Test 
Fuel Sources and Selection Panel studied reports of combustion performance and 
summarized (ref.l) it in a table which has been graphically expressed in Figure 1 
(ref.7). Four summary observations (ref.l) ares 

1. Straight-chain paraffins, both normal type and their isomers are excel- 
lent for combustion in all respects with minimum adverse effects. 

2. With cycloparaffins, important distinction can be seen between single 
and double ring naphthenes in terms of viscosity, volatility, and struc- 
tural effects on combustion. 

3. With single-ring aromatics, important distinctions are also evident 
between paraffinic side chains (alkyl benzenes) and a condensed naph- 
thenic side chain (tetralin) in terms of combustion severity. 
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k. With condensed -ring aromatics of two or more rings and containing alkyl 
side chains, adverse combustion effects are reported for all properties 
except viscosity. 

"V/hile it would be desirable to hold all combustion-related parameters constant 
while only hydrocarbon structure was varied, such a test matrix might not be 
possible. However, the variations that would result in viscosity, front-end volatil- 
ity, and end point while maintaining constant hydrogen might not be great. For 
example, if the JP-7 contained an average of 1^.8-percent H 2 , blends of three 
aromatic streams to a constant 13.5 -percent blend level would require 21 -percent 
methyl naphthalenes, or 29 -percent tetralin or 3^ -percent alkyl benzene respec- 
tively. On this basis, the in^rvitable differences in physical properties might not 
prove significant and the combustion tests would be comparing aromatic streams 
that varied about two-fold in weight at a constant hydrogen level" (ref.8). 

Thus, the three aromatic -blending components suggested were: 

l. alkyl benzenes in the 150-3500 boiling range 

2. tetralin 

3. methyl naphthalenes. 

The structures of these classes of compounds are shown in Figure 2.* Each of these 
aromatic-blending stocks is generally available and has been utilized in prior 
programs. Xylene bottoms is a typical alkyl benzene stream, and tetralin is 
available as a commercial product as is a naphthaienic solvent. In order to examine 
aromatic hydrocarbon structure unambiguously, it is necessary to utilize 


■’^The paraffins shown under base stocks represent normal and isoparaffins by the 
first structure while the second structure with the broken line parentheses suggests 
all three (mono, di, tri) cycloparaffins or naphthenes. Even though no substituents 
are drawn on the naphthene benzenes and naphthalenes, short alkyl side groups may 
be present. 
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aromatic-free base stocks. The suggested base stocks to consider are 3P-7, an 
essentialiy aromatic-free special fuel made to MIL-T-38291A which is largely 
isoparaffinlc and R3-1, a low aromatic special fuel made to MIL-F-25558C which is 
largely naphthenic (ref.l). 
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Figure 2. Hydrocarbon Types for Composition-Controlled Test Fuels, 
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General Approach 


The governing principle in use here was meeting specifications of the test fuels as 
closely as possible with the available stocks and including particular hydrocarbon 
components when required (e.g., a cracked stock). Figure 3 shows the overall 
method used for conducting the project. The first task was to evaluate the 
prescribed test fuel requirement matrix. In order to do this, an examination was 
made of the test fuel requirements using the properties of candidate blend stocks 
and property blending correlations to see if the required blends were feasible. With 
many stocks and properties to consider, an automated computation was made in 
which all pairs of stocks were tested for controlling property (not the boiling range) 
for each test fuel. When the target property could be met with a given pair of blend 
stocks, the resulting boiling range (and other properties) was calculated and 
compared with the desired range for each test blend. 

From these calculations, a set of candidate blend stocks was chosen from known 
available base stocks and those which were found with renewed searching. These 
base stocks were characterized and compared with the needs of the test fuel matrix. 
With the required test fuel properties and the available blend stocks, trial blends 
were prepared to test the formulations. In the period of trial blending, several 
candidate blend stocks were rejected and several of the test fuel matrix require- 
ments (boiling ranges) were relaxed in order to produce practical blends. With the 
successful trial blend formulations, finished batches of test fuel were made for 
delivery to the Lewis Research Center. 

There was no restriction in the program to use only binary mixtures. The two 
component blends were examined first and used when possible for their simplicity. 
There were in fact two ternary PC blends and one single component PC test fuel. 



Figure 3, Organization of the Work 
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DESCRIPTION OF FUELS 


The changes in chemical composition which lie ahead for distillate fuels will require 
laboratory and bench tests to track combustion performance. Such work will require 
a ’•menu” of research formulations which will meet the new property requirements. 
These test fuels could be used in future programs to evaluate the effect of 
variations in fuel properties on the combustion and other performance aspects of 
fuels manufactured from new crude sources and refinery processes. 

General Requirements 

The requirements for the properties and compositions of the test fuel matrix are 
presented in Table i. These were classified into property-controlled (initially 
called source-controlled) and composition -controlled test fuels. The properties of 
interest and which were targeted for control were: volatility as indicated by initial 
and finai boiling points, frefiJiing point, hydrogen content, viscosity, naphthalene 
content, aromatic content, and hydrocarbon type. 

The blending stocks used for the property -controlled fuels included finished fuels 
such as Jet A and No. 1 diesel fuels, refinery streams such as hydrocracked 
kerosene, straight run kerosene, aromatic concentrates, light cycle oil, and others. 
The composition-controlled blending stocks were to include a paraffinic type, a 
naphthenic type, alkyl benzenes, naphthene benzene, and alkyi naphthalene. These 
stocks were to contain a dominant fraction of the major hydrocarbon type. All of 
the base stocks had no more than 0.3 mass% sulfur. All must be available for later 
acquisition. 

As shown in test fuel matrix Table 1, all fuels were to have volatility controls based 
on the initial and final boiling points. The property -controlled test fuels were 
further classified by freezing point, hydrogen content, aromatic content, viscosity, 
and naphthalene -content. The composition -controlled blends were controlled by 
hydrogen content and hydrocarbon type. 


TABLE 1 

TEST FUEL TARGET SPECIFICATIONS 
PROPERTY-CONTROLLED FUELS 








When the final test fuel blends were completed and found to meet the requirements 
of the test fuel matrix, sufficient quantities of the blends were prepared to ship 5 
gallons of each to the NASA -Lewis Research Center. Ten-gallon samples of each 
blending stock used in the final test fuel blends were also shipped to the 
NASA-Lewis Research Center. All these materials were to have been readily 
available in larger quantities from commercial sources. 


Blending Procedure 

The blend formulations (volumetric compositions) are computed from the blend 
stocks' properties as a linear combination (weighted average) based on volume 
percent of each stock. (Thermodynamic non -ideality of the resulting solutions was 
ignored.) The distillation range estimates were also simple volume percent weighted 
averages of the initial and final distillation temperatures of the blend stocks. It 
could be more appropriate to plot the molar average percent distilled at each 
temperature in the overlapping range. In recent work, this technique did not 
produce a better estimate than temperature averaging, so the simpler method was 
used. Densities were estimated by linear blending calculations. 


Blends whose properties are the result of mass balances are calculated by linear 
averaging. For some properties the resulting value for the mixture can be 
calculated by use of blending coefficients or indices. Specifically for viscosity, 
freezing point, and flash point, the following series of general equations is used? 
li = f(Pj) 


'= E 

i = 1 

P = f'l(I) 
where 


I blending index 

P value of property of interest 

n number of stocks 

i particular stock 

V volume fraction of a stock 

f, f"^ functions in Appendix A 




The heat of combustion and smoke point do not blend linearly by volume, but do not 
require blending indices. The heat of combustion does blend linearly by mass 
fraction while smoke point happens to become additive as the reciprocal of the 
smoke point. The equations for calculating these property values for test fuel 
blends are given in Appendix A. 

Since a part of this program was to investigate the availability and accuracy of 
blending correlations for preparing test fuels to meet certain properties, correla- 
tions found in the literature and private correlations used with permission were 
employed to calculate blends based on the known properties of the blending stocks. 
Test fuel blends were then prepared, analyzed, and the results compared to the 
computer-predicted values. The scheme for calculating and preparing the test fuel 
blends is shown in Figure ^ for binary blends. When property requirements could not 
be met with binary blends, the predicted properties of ternary blends were hand 
calculated. 


In Figures 5 through 9 there are examples of the computer-generated binary 
blending curves. One sample for each of the five PC target properties is given. On 
these plots the properties of the two blend stocks are marked by triangles on the 
right and left ordinates. The abscissa represents the volume percent of the base 
stock mentioned last in the axis label. (The component mentioned first can be 
tncjght of as being at 100 -percent at the "zero point" of the horizontal axis and 
decreasing as the concentration of its complement base stock rises.) At the 
composition of the named blend on each plot, the solid triangle marks the value of 
the subject property. 

The curves for freezing point and viscosity were calculated from the corresponding 
blending correlations. The curvature is not noticeable for the stocks shown since 
their properties are not widely divergent. These examples emphasize the small 
departure from linearity that the correlations can make. 
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Analytical Requirements 


In addition to the five governing properties for the PC blends and the two governing 
properties for the CC blends, other properties were of interest. These were the 
flash point, heat of combustion, smoke point, and thermal stablllt/. These other 
properties were to be measured only on selected test blends as shown in Table 2. All 
of these other properties except thermal stability were determined for all the blend 
stocks. 

The standard tests measured in this program are important in their own right for 
they are used in present day, fuel quality specifications. Changing crude sources 
may indicate new analytical areas of emphasis in the future. For this reason data 
have been gathered on the current sets of test fuels in three groups: 


Composition 
Hydrogen content 
Aromatics 
Naphthalenes 
Sulfur content 


Pb’sical 
Freezing point 
Distillation range 
Density 
Viscosity 


Chemical 
Thermal stability 
Smoke point 
Flash point 
Heat of combustion 


With the ability to use the current fuels (and interpolations between them) in 
laboratory and bench tests, this broad and balanced set of analyses will make it 
possible to perform comparisons and measurements not included in current 
specifications. 


TEST FUEL BLENDING 



Figure 4. Procedure for Establishing Formulations of Candidate Binary Blends. 
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Test Required 


Property-Controlled Test Fuels 


In the process of identifying blending stocks for the property -controlled test fuels, 
21 samples were characterized. Eleven of these were selected for use in preparing 
the final test fuel blends. These stocks and their properties are shown in Table 3 
and include finished fuels (3et A, DF-1, JP-7) refinery stream (straight-run 
kerosene, hydrocracked kerosene, xylene tower bottoms, light cycle oil) and special 
products (kerosene, heavy aromatic naphtha). Table 1 indicates that certain test 
fuel blends require the use of cracked stocks as a component. The hydrocracked 
kerosenes and light cycle oil are considered to be cracked stocks. 

A computer program was written to calculate the properties of binary blends made 
from the stocks in Table 3. In addition to the properties pertinent to the blending of 
the property -controlled fuels, specific gravity and sulfur content of the blends could 
also be calculated. Freezing point and viscosity are properties that do not blend 
linearly and require a special blending index for linear blend calculations. The other 
properties — hydrogen, aromatics, naphthalenes, sulfur, and specific gravity --blend 
linearly by vol% or mass%. 

Freezing Point Blends 

The test fuel matrix in Table 1 shows six test fuel blends controlled by freezing 
point. Two boiling ranges and three freezing points are represented. The computer 
output showed numerous calculated blends that approached the requirements. 
Several trial blends were prepared, analyzed for freezing point, and found to be 
outside the tolerance limits specified for this property. The calculation for the 
freezing point blends were made according to the previously described blending 
procedure using the equations in Appendix A made available by Chevron Research 
Company and based on the work of Reid and Allen (ref.8). 
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Extrapolated from measurements at 40° and 0°C 


After many trial blends, the test fuels listed in Table k were blended and evaluated. 
Blend Ic required the use of a cracked blending stock and one such stock originally 
available did not give consistent freezing point results either alone or in blends, A 
recent report by Affens, et al, (ref,9) shows that certain normal paraffins that may 
be present in fuels tend to raise the freezing point, but not necessarily in proportion 
to their carbon numbers. It was shown that the presence of normal paraffins C-16, 
C-15, and C-14 raised the freezing point of a hydrocarbon solution. In the order 
shown, C-16 raised the freezing point the most, C-14 the least. However, C-l2 and 
C-13 paraffins in combination with C-16, and at certain concentrations, may lower 
the freezing point of a solution. This kind of behavior among normal alkanes makes 
it difficult to predict freezing points based on the mid-percent boiling temperature, 
especially since the n-alkanes in the aircraft turbine fuel generally have the highest 
melting point temperatures of the various hydrocarbon types for a given molecular 
weight. The melting points of individual hydrocarbons and their solubility in the 
other hydrocarbon fuel components, have a definite influence on the freezing point 
of the overall fuel. In spite of these factors, the Chevron freezing point index 
predicted freezing points reasonably close to the measured values as shown in Table 
5. The initial boiling point (IBP) target limits for blends la and 2b were met, while 
the target limits for blends lb, Ic, 2a, and 2c were off by one or two degrees 
Celsius. The target final boiling point (FBP) limits for blends la, lb, 2a, 2b, and 2c 
were all met. The FBP for blend ic was 4°C high. It should be noted that the 
precision of ASTM D 86, Standard Method for Distillation of Petroleum Products, is 
as high as 2,5^C for repeatability and 7.0°C for reproducibility at the IBP, and 
2.5^0 for repeatability and 5.0^C for reproducibility at the FBP. The precision for 
the automatic distillation method described in Annex Al of ASTM Method D 86 
states that repeatability for IBP is 3.5^0 and reproducibility is 8.50C. For FBP it is 
3.5°C for repeatability and 10.5°C for reproducibility. Therefore, the required IBP 
range of ±50C for blends la, lb, ic, 2a, 2b, and 2c may have been unduly restrictive. 


TABLE FREEZING POINT BLENDS 
COMPOSITION, VOL% 


Blends la lb Ic 2a 2b 

Sample Code AL-11310-F AL-11407-F AL-11537-F AL-11338-F AL-11339-F AL 

Cracked 


Blend Stocks 
Kerosene - Alaska 

AL-11310-F 100 67.3 38.0 

DF-1 

AL-11275-F --- 32.7 — 7.4 38.0 

Light Cycle Oil 

AL-11267-F — — 62.0 

Jet A 

AL-10582-F — — — 92.6 62.0 


2c 

11361-F 


89.0 


Kerosene - Howell 
AL-10724-F 


11.0 
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As received fuel (one component) 


Hydrogen -Content Blends 


The first computer calculations for the hydrogen content blends yielded estimated 
blends for all the required test fuels except for blends 3a and 5b, which required 
cracked stocks and for blend 5a, Although the properties of three cracked blending 
stocks were in the data base, the target IBP and FBP for blend 3a could not be met. 
Introduction of a fiew hydrocracked kerosene as a blending stock produced calcul- 
ated blends that met the targets for blend 3a. Blend 5a required the use of three 
components to meet the target values for %H, IBP, and FBP, so the formulation was 
hand-calculated. 

The final formulations for the hydrogen -content blends are shown in Table 6, and 
the properties determined for blends 3a, 3b, 3c, ^a, ^b, ^c, 5a, 5b, and 5c are given 
in Table 7. The target values for hydrogen content, IBP, and FBP for these blends 
were all met with the exception of the IBP for blend 3a and FBP for blend 5a. The 
combined requirement in blend 3a for cracked stocks and low hydrogen content 
limited the available blend stocks to the heavy aromatic naphtha which had a low 
IBP and the hydrocracked kerosene. The amount of heavy aromatic naphtha 
required to meet the hydrogen content target, influenced the IBP of the final blend 
so that it was 6®C below the target limit. After eight trial blends, blend 3a still 
failed to meet the IBP target, and the final blend was prepared with this deviation. 
The FBP for final blend 5a was 2°C below the target limit even though a trial blend 
with virtually the same formulation was within the limit. 

Aromatic "Content Blends 


The computer calculations provided four aromatic -content-controlled blends (6a, 
6c, 7a, and 7b) that were well within the target limits for aromatics, IBP, and FBP, 
and two blends (6b and 7c) that were just outside limits for IBP. Blend 6b, which 
required a cracked blending stock, was 20C below the target for IBP, and blend 7c 
was 2^C above the target. The formulations for the aromatic -content blends are 
given in Table 8, and the properties for the same blends are in Table 9. 
Coincidentally, the hydrogen -content blend 5b also met the aromatic content, IBF*, 
and FBP targets for blend 7bj therefore, they have the same composition. 
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TABLE 6 . HYDROGEN-O 
COMPOSITION; 


^ iisi 

Sample Code, AL- 11538-F 11277-F U3/^5-F U329-F 
Cracked 

Blend Stocks 

Heavy aromatic 
naphtha 

AL-1073^-A 69.0 7.5 — ■ 71.1 

Hydrocracked 

kerosene 

AL-11381-F 31.0 

Straight run 
kerosene 

AL-97«^9-F — 92.5 

Oet A 

AL-10582-T ^0.9 

JF-7 

AL-11311-T — — - 59.1 

DF-1 

AL-11275-F 28.9 

Hydrocracked 

kerosene 

AL-9998-F 

Xylene tower 
bottoms 

AL-11286-F 
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BLENDS 



43.8 30.6 

67.9 56.2 

39.9 66.0 

24.1 - 
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TABLE 8, AROMATIC-CONTENT BLENDS 
COMPOSITION, VOL% 


Blend 6a 6b 6c 7a 7b 7c 

Sample Code AL-11279-F AL-11568-F AL-U280-F AL-H281-F AL-11278-F AL-11282-F 

Cracked 


Blend Stocks 
3et A 

AL-10582-T 96.0 

Heavy aromatic 
naphtha 

AL-10735-A 4.0 

Straight run 
kerosene 
AL-9749-F 

Hydrocracked 

kerosene 

AL-1138i-F 

Hydrocracked 

kerosene 

AL-9998-F 


22.0 44.2 12.5 

55.8 


78.0 


87.5 


34.0 54.3 


45.7 


66.0 
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Not Determined 


Viscosity and Naphthalene -Content Blends 


The formulation for the viscosity and naphthalene -content blends are shown in Table 
10 and their properties in Table 11. The computer calculations provided blends 
meeting target values for viscosity IBP and FBP for the viscosity -controlled blend 
8b, but r.ot for blend 8a. The computer calculation was based on a target viscosity 
vaiue of k cSt at -20OC; however, the tolerance was ± 2 which did not enter into the 
computer calculation. Using a viscosity blending chart, the viscosities of the 
blending stocks 3et A (AL-10582-T) and kerosene from Alaska (AL-11310-F) were 
used to calculate a bl«nd with a viscosity of 5 cSt, which is still within the ±2cSt 
tolerance range of the target value. 

The final blend 8a, then, was prepared based on the above calculation; however, the 
IBP was 2°C below the target limit. One component of blend 8b, light cycle oil 
(AL.-11276-F), has a freezing point of -13°C, which is above the -20®C temperature 
for viscosity measurement, hence the viscosity could not be measured directly. 
Therefore, measurements were made at 0 and the values were plotted on an 

ASTM standard viscosity versus temperature chart and extrapolated to -20°C. The 
value at this temperature was entered into the computer data base ;for calculation 
of blend 8b. The FBP for this blend was above the target value. 

The naphthalene -content final blends, 9a and 9b, were prepared according to 
computer calculated formulations as shown in Table 10. The properties for these 
blends appear in Table 11. 

Composition -Controlled Test Fuels 

The composition -controlled test fuels were designed to be controlled by hydrogen 
content and hydrocarbon type in addition tct IBP and FBP. Two base blending stocks 
were to be essentially free of aromatic components, one composed of normal and 
isoparaffins only and the other with single and double ring naphthenes. The 
aromatic blending components would be of three types: alkyl benzenes, naphthene- 
benzenes (tetralin), and alkyl naphthalenes. The base paraffinic fuels originally 


TABLE 10. VISCOSITY AND NAPWYHALENE-CONTENT BLENDS 


COMPOSITION, VOL% 


Blends 8a 

Sample Code AL-11^08«-F 

Blending Stocks 

3et A 

AL-10582-T 60 

Kerosene - Alaska 

AL-11310-F ifO 

Light Cycle Oil 
AL-11276-F 

Kerosene 

AL-10724-F 

Straight run 
Kerosene 
AL-97if9-F 


8b 

9a 

9b 

AL-11328>F 

AL-11317-F 

AL-11318-F 

62.8 

32.3 

— 

37.2 

67.7 

18.0 



82.0 
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TABLE 11 

VISCOSITY AND NAPHTHALENE-CONTENT BLEND PROPERTIES 


Blends 


8a 

8b 

9a 

9b 

Sample Code 


AL-ll^f08-F 

A1-11328-F AL-11317-F 

AL-11318-F 

PROPERTY 
Aromatics, Vol% 

Meas. 

15.8 

45.4 

29.2 

22.8 


Calc. 

15.1 

46.1 

29.7 

21.9 

Sulfur Total, Mass % 

Meas. 

0 

0.15 

0.08 

0.01 


Calc. 

0.005 

0.14 

0.07 

0.008 

Sulfur, Mercaptans, Mass % 

Meas. 

0 

0.0032 

0.0012 

0.0002 

Distillation, ®C 






IBP 

Target 


!/■« me 







IBP 

Meas. 

163 

172 

169 

173 


Calc. 

170 

185 

175 

187 

10% recovered 

Meas. 

182 

203 

192 

211 

50% recovered 

Meas. 

207 

246 

218 

232 

90% recovered 

Meas. 

242 

304 

284 

248 

FBP 

Meas. 

274 

339 

325 

267 


Calc. 

Target 

271 

305 

274 

274 






Flash Point, °C 

Meas. 

48 

59 

53 

61 

Viscosity at -20®C, cSt 

Target 

4±2 

11±2 




Meas. 

4.81 

10.10 

N.D. 

N.D. 


Calc. 

4.7 

11.0 

6.7 

7.2 

Nitrogen, ppm 

Meas. 

10 

47 

21 

10 

Hydrogen, Mass % 

Meas. 

N.D.* 

11.92 

12.89 

13.30 


Calc. 

13.9 

11.9 

13.0 

13.3 

Carbon, Mass % 

Meas. 

N.D. 

87.75 

86.79 

86.44 

Smoke Point, mm 

Meas. 

23.8 

9.6 

14.3 

15.1 

Naphthalenes, Mass % 

Target 

•• 


16±2 

8±2 


Meas. 

0.5 

29.0 

17.45 

8.66 


Calc. 

0.5 

29.0 

16 

8 

Net Heat of Combustion 






MJ/kg 

Meas. 

N.D. 

N.D. 

43.048 

43.433 

BTU/lb 

Meas. 

N.D. 

N.D. 

18531 

18673 

Specific Gravity 

Calc. 

0.8078 

0.8730 

0.8350 

0.8268 

Freezing Point, °C 

Calc. 

-45 

-19 

-26 

-29 


*N.D. Not Determined 
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recommended were JP-7 for normal and isoparaffins, R3-1 for the cycloparaffin or 
naphthenic fuel. The 3P-7 available to this program was manufactured by Ashland 
Oil Company and their mass spectrometry analyses of the saturate fraction gave the 
following results: 


Normal and Branched Alkanes 

68.0% 

1 -ring Naphthenes 

18.5% 

2 -ring Condensed Naphthenes 

9.7% 

3 -ring Condensed Naphthenes 

2.3% 

4 -ring Condensed Naphthenes 

0.7% 

5 -ring Condensed Naphthenes 

0.8% 

6 -ring Condensed Naphthenes 

0.0% 


The fuel had about 3 percent aromatic content; however, the high (32%) naphthene 
concentration was not acceptable and no other source of 3P-7 was found. 
Therefore, a search for other paraffinic base stocks resulted in the selection of two 
solvents available from Exxon: Isopar G and Isopar M (the predominant component 
in Exxon's 3P-7). The hydrocarbon type analyses by mass spectroscopy for these two 
samples in Table 12 show 8.6 and 16.3 mass% naphthenes, respectively. A blend of 
50 percent of each component was determined to give smooth boiling curve. The 
blend was used as the paraffinic base stock for the composition-controlled test fuels 
and was estimated to contain 12 A mass% naphthenes. A one -quart sample of Isopar 
M received earlier in the program and analyzed by a different laboratory according 
to the mass spectrometry method D 2425, gave the following results: 


Normal and isoparaffins 

80.3 

mass % 

Monocycloparaffins 

16.8 

mass % 

Dicycloparaffins 

2.4 

mass % 

Tricycloparaffins 

0.2 

mass % 

Alkyl benzenes 

0.3 

mass % 


From this analysis, the solvent showed a moderate amount of monocycloparaffins, 
but was virtually free of aromatics, and was sufficiently high in normal and 
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isoparaffins to be suitable as a basestock. Based on these analyses, the 50/50 
mixture of Isopar G and M represents the best possible basestock which could be 
found for normal and isoparaffins. 

The RJ-l fuel recommended as a potential naphthene base fuel was not available, 
and an exhaustive search failed to locate a fuel, solvent, or refinery stream with a 
high percentage of cycioparaffins. A kerosene refined from a Mirando crude known 
to be highly naphthenic was obtained from the Sigmor Three Rivers Refinery and 
processed at SwRI for removal of aromatics by silica gel adsorption. (Mirando crude 
was the source of R3-1.) The process employed is described in Appendix B. The 
properties for the dearomatized Mirando kerosene used as the naphthene base fuel 
are shown also in Table 12. Based on the mass spectrometry analysis for 

hydrocarbon type, this fuel contained 16 mass percent of normal and isoparaffins 
and the naphthene fraction was composed primarily of dicyclo- and 
tricycloparaffins. This fact may be beneficial to combustion testing since 
monocycloparaffins behave more like normal paraffins. Other aromatic-free 
naphthenic solvents investigated as candidates for the naphthenic base fuel 
contained a maximum of 58 vol% naphthenes. 

The aromatic components selected for the composition -controlled blends are shown 
in Table 12. The xylene tower bottoms from Sun Tech was composed of 96.5 mass 
percent alkyl benzenes. The tetralin solvent from du Pont is reported by the 
supplier to contain 97 mass percent tetrahydronaphthalene. The mass spectrometry 
analysis by D 2<f25 gave 80.4 mass percent as shown in Table 12; however, since this 
is a relatively pure compound and D 2425 is intended for hydrocarbon mixtures, the 
tetralin concentration resulting from this test method was considered suspect. A 
gas chromatograpi»y analysis of the Tetralin solvent confirmed the 97 mass percent 
given by the supplier. Therefore, the du Pont analysis of 

Tetrahydronaphthalene 9796 (mass) 

Decahydronaphthalene 2% 

Naphthalene 1% 

was used to calculate the composition of the blends that included tetralin solvent 

shown in Table 13. 
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TABLE 13 

FINAL COMPOSmON-CONTRCM-LED BLENDS 
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Several sources of naphthalene blend stock were investigated for this program as 
foliows: 


Stock 

Source 

Range °C 

Naphthalenes 

% A, vol 

Mixed naphthalenes 

Koppers 

142-303 

Vol% 

73 

99.96 

AN-3N 

Amoco 

210-287 

70 

90 

Aromatic 400 

Getty 

213-330 

40 

100 

LG-3 

Crowley 

229-260 

5-83 

— 

4555 

Marathon 

225-286 

73 

100 


The finai selection was the Marathon product based mainly on the fact that it was 
derived from petroleum. The Koppers material, the initial choice, is a coai-derived 
product. The analysis for naphthalene was performed by ASTM method D 1840 
which is intended for analysis of straight-run jet fuels containing no more than 5 
percent naphthalenes; therefore, the values shown may be in error. The mass 
spectrometer analyses of the Marathon naphthalene solvent (FL-0268-S) gave a 
value of 89.1 mass percent aikylnaphthalene as shown in Table 12. 

The blending stocks shown in Table 12 permitted blending of nine composition -con- 
trolled fuels (blends 10 through 18) that met target values for hydrogen content, 
approached the desired hydrocarbon type composition, but failed to meet the target 
IBP and FBP values for 16 out of 18 data points. To meet the target boiling range 
values, additional paraffinic and naphthenic base fuels with broader boiling ranges 
would be needed to permit adjustment of the IBP and FBP of the composition-con- 
trolled test fuels. If such materials were found, thorough characterizations would 
be needed for hydrocarbons present. Specifically lengthening side chains on 
cycloparaffins would increase the end point of the boiling range, but would 
simultaneously increase the paraffinic combustion behavior. Cycloparaffins of 
increased ring size would also contribute to higher boiling ranges, but are not 
normally high in concentration in fuel sources. 

Table 13 contains the formulation and analytical results for the nine composition- 
controlled test fuel blends. The hydrocarbon type analyses were calculated from the 
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mass spectrometry analysis conducted on the components of each blend. One 
exception was the tctrailn solvent in which the value given by the supplier was used 
in the calculation as explained earlier. 
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DISCUSSION OF RESULTS 


The main result of the current work was developing a workable technique^ or 
approach, to produce the PC and CC test fuels. In so doing, suitable blend stocks 
were identified and characterized. The tangible product, 68 five-gallon cans of test 
fuels and base stocks, will be important in laboratory and bench test work on 
combustion performance. 

These materials meet the objectives set out in the two test fuel matrices. In some 
cases, the specific boiling range requirement of a fuel was relaxed, but all of the 
primary target properties were met. While it is true some of the base stocks are 
refinery streams— not articles of commerce, this aspect of the family of stocks 
makes it more general. The goal has been to find the source which would allow the 
test fuel targets to be met as closely as possible with readily obtainable 
intermediate refinery streams or final products, but not specialty chemicals. 

Additional considerations concerning fuel sources include; the compositions of 
products and process streams change with time (depending on refinery objectives 
and the crudes available), samples drawn and analyzed may not agree in composition 
and properties with drums of product shipped, speciality materials may fit fuel 
needs, but may not be economic for larger-scale combustor testing. The last 
consideration emerged in searching for the CC naphthenic blend stock. 

Of all the blending stocks used, only one, the light cycle oil (AL-11276-F), was 
suspect of not having adequate storage stability. A sample was evaluated by ASTM 
D 2274, Oxidation Stability of Distillate Fuel Oil (Accelerated Method) and gave a 
value of 4.8 mg/100 mL, well above the maximum permitted for some military 
diesel fuels (1.5 mg/100 mL). Therefore, those blends which had the light cycle oil 
as a component, and one can of this blending stock, were treated with antioxidant at 
24 mg/L, composed of 72-percent 2,4-dimethyl 6-tertiary butyl phenol plus other 
alkylated phenols, prior to shipment to NASA-Lewis. Cans containing antioxidant 
were so marked. 


There is no large-scale commercial use for a stock with an artificially high 
concentration of naphthenes such as was required as a CC base stock. Eventually, a 
kerosene made from Mirando crude was found. (Mirando is one of the Texas Gulf 
Coast crude segregations high in naphthenes.) This material is produced in 
conjunction with a higher-boiling fraction which is used in "low cold test” (low pour 
point) lubricants. The Mirando kerosene has had its aromatic content reduced by 
silica gel adsorption (Appendix B) before use in the fuel blends. Although this 
processing was an extra step in acquiring the naphthenic blend stock, it is a unit 
operation which is available at certain refineries that produce aromatic 
concentrates. 

There were trade-offs in attempting to find a high percentage normal and 
isoparaffin stock for the CC fuels, and the cracked stocks for the PC blends. For 
instance, the intended paraffinic base stock, 3P-7, was found to contain 32 vol% 
naphthenes. Improvement was made by selecting higher concentration paraffinic 
solvents of the correct boiling range. The upper end of the paraffinic boiling range 
(not covered by Isopar G or M) might be covered by a straight-run fraction from a 
paraffinic crude. 

The property targets of the test fuels were achieved in most ail cases. It was 
frequently difficult to meet the boiling range with the available stocks at the same 
time the main governing property was met. A contributing cause of this circum- 
stance was the use of end point and initial point to mark the boiling range. The 
experimental measurement of these terminal points is much more erratic than 
interior points, say the 5 percent and 90 percent distilled temperatures. In addition 
the prediction of these extreme points is less accurate than previous estimates have 
shown averaging interior points to be. 

In general, it took ^.2 trial blends per PC test fuel to achieve the target properties. 
As shown in Table 1^, the blends using cracked stocks required 7.3 trial blends for 
completion. This higher number was in part due to the restricted selection of 
cracked stocks; however, the candidates were as numerous as most other base stock 
types. One contributing factor was the ability to estimate blend formulations 
involving cracked stocks (see below). 
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TABLE 1« 

BLENDING STATISTICS PROPERTY-CONTROLLED 



Blend No* 

la 

lb 

Ic crkd 
2a 
2b 
2c 

3a crkd 
3b 
3c 

^b 

^c 

5a 

5b crkd 
5c 
6a 

6b crkd 
6c 
7a 
7b 
7c 
8a 
8b 
9a 
9b 


Base stocks tried: 21 
Base stocks selected: 1 1 


// Components // Trials 

1 5 

2 8 

2 10 

2 6 

2 5 

2 5 

2 9 

2 2 

2 2 

3 2 

2 2 

2 2 

2 3 

2 2 

2 5 

2 2 

3 8 

2 3 

2 2 

2 2 

2 2 

2 5 

2 4 

2 ^ 

2 


// Stocks Tried 


7 

8 
8 
3 
3 

10 

2 

3 

3 

2 

2 

10 

2 

2 

2 

2 

6 

6 

5 




Ir 

) 

I 

H 

):■ 

i 

I 

M 




The smaller number of CC trial blends indicates the more direct approach apparent 
in Table 15. This is mostly because each base stock was uniquely chosen for Its 
composition in an attempt to maximize the concentration of the various hydrocar- 
bon types. This led to an attempt to achieve desired concentration of HC type, IBP, 
FBP, and mass%H with two or at most three components. This number of stocks did 
not permit adequate "degrees of freedom" to meet four independently chosen 
specifications. In this case, after HC type was maximized in the base stocks, the 
hydrogen content target was fulfilled allowing the boiling range to vary. 

Most of the correlations in use today were developed in 1930-1950's when cracked 
materials were less common. The changing quality of crude stocks available and the 
emergence of synthetic crudes both work together to call into question the 
continuing accuracy of the standard blending and property correlations in use for 
aviation and other high-quality distillate fuels. Pwift of the current work is a brief 
examination of the effectiveness of the correlations used. 

Some unusual materials (pure solvents, narrow cuts) used as base stocks for the CC 
test fuels were never part of the data sets from which blending correlations were 
derived. For this reason, the examination of the performance of the correlations is 
limited here to the PC blends. 

First, the set of target properties was examined for the success In predicting 
property values of the blends from the measured values of the base stocks and the 
blend composition. Table 16 shows the results of this examination. The base stock 
properties in Table 3 were used with the compositions in Tables 4, 6, 8, and 10 to 
obtain the predictions in the third column. The predictions were made with the 
linear equations in Figure ^ or with the equations in Appendix A by the method 
described under the heading Blending Procedure . In keeping with the simplicity of 
composition-determined properties, mass% hydrogen and vol% aromatics, these 
blends showed low average deviations. The larger deviation shown by naphthalene 
content reflects uncertainty in the measuring method more than any peculiarity of 
the base stocks which were kerosenes and light cycle oil. 
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TABLE 15 

BLENDING STATISTICS COMPOSITION-CONTROLLED 

Base stocks tried; 2^ 

Base stocks selected: 6 


Blend No. 

// Components 

// Trials 

Originally 
// Stocks Tried 
Base Arom 

10 

3 

2 

5 

7 

11 

3 

2 

5 

1 

12 

3 


5 

2 

13 

2 

2 

9 

7 

1^ 

2 

2 

9 

1 

15 

2 

2 

9 

2 

16 

2 

2 

9 

7 

17 

2 

2 

9 

1 

18 

2 

2 

9 

2 


TABLE 16 

DEVIATION OF MEASURED & PREDICTED TARGET PROPER flES OF PC BLENDS 

All Target Properties by Blend 


Blend No. 

Required 

Predicted 

Measured 

Difference 

la 

Not ^ binary blend 

-44.0 


lb 

-33.00 OC 

-32m 

-32.00 

0.45 

ic crkd 

-23.00 Freezing 

-19.7^ 

-20.00 

-0.26 

2a 

m,00 Point 

-^3.25 

-46.00 

-2.75 

2b 

-33.00 

-31.87 

-30.00 

1.87 

2c 

-23.00 

-22.36 

-23.00 

-0.64 

3a crkd 

11.80 M% H 

11,80 

11.62 

-0.18 

3b 

13.00 

13.00 

13.05 

0.05 

3c 

1/+.20 

1^.20 

14.08 

-0.12 

^a 

11.80 

11.80 

11.79 

-0.01 

^b 

13.00 

13.00 

12.97 

-0.03 

^c 

lk.20 

U.20 

14.25 

0.05 

5a 

11.80 

11.80 

11.79 

-0.01 

5b crkd 

13.00 

13.00 

12,86 

-0.14 

5c 

1^.20 

1^.20 

14.23 

0.03 

6a 

20.00 V% A 

19.99 

21.40 

1.41 

6b crkd 

35.00 

35.00 

34.80 

-0.20 

6c 

50.00 

^9.99 

50.50 

0.51 

7a 

20.00 

19.98 

20.90 

0.92 

7b 

35.00 

35A2 

35.50 

0.08 

7c 

50.00 

49.99 

50.50 

0.51 

8a 

ii,00 mm^/sec 

4.71 

4.81 

0.10 

8b 

11.00 (=cSt) 

11.24 

10.10 

-1.14 

9a 

16.00 V% Naph 

16.05 

17.45 

1.40 

9b 

8.00 

8.00 

8.66 

0.66 


Averages by Property 


Property 


Freezing Point 
Hydrogen Content 
Aromatic Content 

Viscosity 

Naphthalene Content 


ASTM 

Method 

D2386 

D3178 

D1319 

Tim 

D1840 


// Averaged 

5 
9 

6 

2 

2 


Avg. Deviation 

1.19 oc 
0.06 M% 
0.60 V% 

0.62 mm^/sec 

1.03 V% 
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The freezing point and viscosity values for the test fuels were predicted with 
blending 'ndices. The average freezing point deviation, 1.190C, was a significant 
fraction of the range of deviations, -2.75<^ to 1.87°C or 4.62°C. The deviation for 
freezing point arises in part from the errors in the measurement method and the 
complicated behavior of the interactions of the hydrocarbon components with 
respect to the freezing of their solutions. The average deviation for viscosity in the 
target blends is uncharacteristically high due to the performance of blend 8b which 
suffered from the attempt to adhere to the boiling range and still possess a high 
viscosity. 

When the results of the entire set of PC blends are considered. Table 17 can be 
made. In this table the differences for eight properties are shown. In the cases of 
freezing point, viscosity, smoke point, flash point, and heat of combustion, two 
values are given. The left columns are the differences between the measured values 
and the blend values predicted by volumetric averaging of blend stock properties. 
The differences in the right columns were formed from the measured values and 
blend values predicted by specific calculation, either blending correlations or other 
calculations. The last two rows, respectively, list the number of points considered 
by property for each property and average deviation. The deviation is the absolute 
value of the difference. 

In each case, the deviations were less for the special calculation procedure than for 
iinear blending calculation. (No comparison is possible for heat of combustion since 
the values for the blend stocks were determined on a mass-percent basis.) The 
biend properties which were determined by mass balances (mass% hydrogen, vol% 
aromatics, and vol% naphthalenes) showed lower average deviations in the entire set 
of blends than the target sets. Deviation for freezing point was smaller than in the 
target set. In the target set more selectivity was exercised with respect to the 
choice of base stocks appropriate to establishing the freezing point. These stocks 
v/ere more like the materials originally used to derive the correlations. Of all 
blends, ic showed the poorest performance as may be noted by its deviations being 
consistently high above average in ail properties. While the use of a cracked base 
stock in blend Ic may be one cause, not all blends containing a cracked stock were 
poorly predicted. The best predicted blend was blend 2b. 
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TABLE J7 

DEVIATION OF MEASURED AND PREDICTED PROPERTIES FOR ALL PC BLENDS 

Blend No. % Hydrogen % Aromatic % Naphthalene Freezing Point Viscosity Smoke Point Flash Point Heat of Combustion 
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CONCLUSIONS 


The aims of both of the test fuel matrices have been fulfilled although boiling range 
requirements had to be relaxed in some cases. In this way some of the spiiCific 
requirements have changed to accommodate the base stocks which exist. In the 
case of high concentration naphthenes, no stock exists in commerce, so one was 
made. It can be replicated at larger scale in a small refinery. All the other stocks 
came from commercial sources either as specification, commercial products or as 
usually encountered intermediate streams. 

By searching among available base stocks, the PC fuels were produced. The 
approach of a computer-prediction plus blending iteration was successful both at 
producing trial formulations and winnowing the candidate base stocks. This 
calculate-and-blend method also quickly revealed which aspects of the matrix of 
requirements were more challenging to meet. 

The CC fuels all have compositions resembling the ideals encompassed in the 
original matrix. The key is the very low aromatic content of the base stocks 
coupled with specific HC type aromatic blending components. By using a 
straight-run kerosene and commercial solvent, the types of major hydrocarbon and 
lesser constituents show a more typical composition which would not be possible if 
coal liquids or pure compounds alone were used. The exception is the tetralin which 
is nearly a pure material. 

In all cases of PC and CC, new test blends can be made by interpolating between the 
34 existing test fuels. Particular care should be given to freezing point blends and 
volatility ranges. Consideration might be given to using D-86 5 percent and 90 
percent recovered temperatures as volatility range delimiters. If large quantities 
are to be produced, analyses must be made on samples of the candidate stocks 
during selection and repeated upon delivery. 

The operation of the blending correlations is very good for all properties and all 
stocks except some cracked stocks. When the percent deviation rises about 5 
percent, questions should be raised about why the deviations are occurring and what 


treatment they warrant. In the current matrix, a family of blends of the cracked 
base stocks distributed about the target point spanning the full range of composi- 
tions would help resolve their behavior. If only some cracked stocks are anomalous, 
a larger selection of cracked materials could be explored to seek the reasons. 

The irregular behavior of the deviations for naphthalene blends should be noted. The 
materials used in the naphthalene target blends also produced high deviations. 


APPENDIX A 

BLENDING CORRELATIONS 


Nonlinear Blending Relations 


Correlations 


Viscosity, (VIS) 

Chevron Viscosity Blending Index Function 2 


Log (VIS.) 

VI = r , 

1 Log (VIS^)+3 


Freezing Point, (FP) 

Chevron Freezing Point Blending Index 


( 3 * Vl \ 
VIS = 10'-^ “ viy 
2 

(mm /sec or cSt) 


FPI. 

X 


exp 


( 


54 (FP^ - 125) 

1800 - T50. 

1 


Flash Point (FLP) 

Chevron Flash Point Blending Index 


PP(«F) = I-llffl in FPI ^ J2S 

To convert to ®C 
FP(°C) = I (FP(“F)-32) 


FLPI. 

1 


^ (-0.03 FLP.) 
e 1 


FLP(°C) 


_ in FLPI 
0.03 


Calculations 


[j 

•4 

‘i 



i 


Heat of Combustion - Blended by Mass (AH) 


AH(MJ/Kg) 



I 

t 


Smoke Point (SP) 


SP (mm) 




i 

t 

i 
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APPENDIX B 

PROCESSING THE NAPHTHENIC BASE STOCK 




The aromatic concentration of the naphthene -rich Mirando kerosene had to be 
reduced to control interferences with the intentionally added aromatic components. 
Several approaches were attempted. Adsorption on alumina and solvent extraction 
proved unworkable. The method which showed most promise and which was finally 
developed for processing was column elution chromatography on a large-scale using 
silica gel. The new and unique features of the process are in the adsorbent 
regeneration step. 

A first attempt at adsorption of aromatics from neat kerosene on silica gel was 
unsuccessful. The initial effluent was aromatic-free, but the aromatic front moved 
rapidly through the column indicating an apparently low capacity. Next, elution 
chromatography modeled after ASTM D 2549 was tried. 

A glass column 1000 mm in length with an I.D. of 12 mm was packed with 83.7 g of 
100-200 mesh silica gel. A 50-g quantity of Mirando kerosene was diluted with 40 
mL of n-pentane and added to the column which was pre-wetted with 45 mL of 
n-pentane. The flask that contained the kerosene and n-pentane was rinsed with 
three 5 mL portions of n-pentane which were added to the column. An additional 70 
mL of n-pentane were added after which a slight pressure was applied. 

N-pentane containing most saturated hydrocarbons was collected. When the top of 
the n-pentane layer reached about 1/3 of the way down the column, ethyl ether was 
added, followed by chloroform and ethyl alcohol. These three solvents removed the 
aromatics from the column. The n-pentane containing the saturate fraction was 
evaporated on a rotary vaporizer (Rotovapor) after which the ether and chloroform- 
ethanol fractions were evaporated to recover the aromatics. 

To determine the feasibility of reusing the silica gel, the packing was removed from 
the column, dried iii an oven, and recharged to the column. A fresh 50 g sample of 
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Mirando kerosene was separated (chromatographed) following the same procedure 
outlined above. 

A third separation was performed using fresh silica gel, but only 25 g of Mirando 
kerosene with the same volumes of n-pentane and the other solvents. The results of 
these three chromatographic separations were as follows: 


Separation: 

1st 

2nd 

3rd 

Silica gel condition 

Fresh 

Re-used 

Fresh 

Sample size, g 

50 

50 

25 

Recovered, g 

Non -aromatics 

40.735 

38.661 

20.403 

Aromatics 

8.792 

10.936 

4.493 

Total 

49.527 

49.597 

24.896 

FIA analysis on 
non -aromatic fraction 

Aromatics, V'% 

8.3 

8.9 

3.4 

Olefins, V% 

3.8 

2.9 

2.9 

Saturates, V% 

87.9 

88.2 

93.7 

FIA analysis on 
aromatic fraction 

Aromatics, V% 

— 

— 

99.8 

Olefins, V% 

— 

— 

0.2 

Saturates, V% 


— 

None 


The FIA analyses for the neat Mirando kerosene was 24.7% aromatics, 1.8 % olefins, 
and 73.5% satura es. The oiefin anaiyses by the FIA procedure was indicated by a 
yellow fluorescense of added indicator dye in the silica gel column. It is known, 
however, that some hydrocarbons other than olefins do contribute to the yellow 
fluorescense; therefore, the level of olefins present as indicated by this method may 
be high. 




These experiments show that: 

1. The aromatics in the Mirando kerosene can be removed by elution 
chromatography. The requirements to scale up this process to enable the 
practical treatment of Mirando kerosene can now be evaluated. 

2. The silica gel could be re-used without apparent loss in adsorption 
effectiveness. 

3. The higher ratio of n~pentane to kerosene in the feed to the column 
provided much better separation of the aromatics and non -aromatics. 

The most complicated part of the procedure was the regeneration. For this reason, 
simplification was sought. Two techniques seemed promising. In the first method 
(A) after the saturates have been eluted with n-pentane, toluene is used to elute the 
aromatics adsorbed on the silica gel. Afterwards, n-pentane is again used, but this 
time to free the column of toluene. A second method (B) sought to achieve 
regeneration with ethyl alcohol followed by heating of the column and drying by a 
current of nitrogen. 

The percent by volume of aromatics obtained in these trials were as 

Cycle 0 1 2 

Method A 11.3 2.1 

19.1 

Method B 10.6 21.7 

The first cycle of Method A showed higher aromatic percentages than were later 
obtained at least in part, because the flowrate from the column was higher than 
desired. In subsequent runs the flow was reduced to between three and four 
mL/min. Method B was not pursued since full regeneration was not achieved. 

a 

A sample of bulk-grade silica gel was tested for fitness in the column. All runs 
were made at between 3 and 4 mL/min. The first attempt followed the sequence of 
method A above, while the second try began directly with the toluene addition to 
see whether preconditioning could lower the high aromatic concentration evident in 
the first series and in the trials on reagent -grade silica gel. The results (percent 
aromatics by volume) were: 


follows: 

3 

3.7 
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Cycle 

First instance 
Second instance 


0 


19.1 


1 

2 

12.6 

2.3 

6.6 

2.0 


The pre-conditioning with toluene improved the effectiveness of the silica gel 
separtion during the first cycle. 

With a method worked out, scaleup began in a four-inch ID column. The commercial 
grade Grace silica gel was activated overnight at 200^0 before charging. The 
kerosene and pentane were preblended before pumping to the top of the column. 
Rotary evaporation was replaced by fractional distillation. 

The product from the first batch showed no aromatics at a flowrate of about 100 
mL/min. The second run contained 1.3 percent aromatics by volume, having been 
eluted at about three times the flow rate of the first run. With the flow parameters 
worked out, measuring aromatic content of each batch was discontinued. 

Additional column space was set up as were two other small stills. The aromatic 
content of the first batch from the larger column was 1.1 percent by volume. The 
overall through-put of columns and stills ranged from 9 to 12 liters/day. Distillation 
and collection of pentane required ice -water cooling and was the bottleneck in the 
operation. Considering labor costs, it was more economical to distill only the 
pentane from the collected saturates. The pentane used to regenerate the column 
was left with the toluene when it was clear that it was three times as expensive to 
reclaim it as to procure fresh pentane. 

Approximately 38 gallons of dearomatized kerosene were obtained from the 
processing of Mirando kerosene through the 4" and 6" columns. The final composite 
dearomatized kerosene had an aromatic content of about 4.1 volume percent, which 
was higher than the first few batches of processed material. This is attributed 
tentatively to loss of adsorption efficiency of the silica gel columns, although this 
has not been confirmed. Adsorption of water and other polar materials can 
contribute to the decline. This value is very similar to that for fuel R3-1 originally 
suggested as the naphthenic blending stock for this program. 
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APPENDIX C 

ABBREVIATIONS AND SYMBOLS 



ASTM 

CC 

CO 

CRC 

Crkd 

EP 

ERBS 

FBP 

FIA 

FLP 

FLPI 

FP 

FPBI 

HC 

H/C 

IBP 

I.D. 

aFTOT 

M% 

M%A 

M%H 

MIT 

n 

Naph 

NASA 

ND 

PC 

PPM 


American Society for Testing and Materials 

t 

Co mposition -controlled 
Carbon number n (n is a numeral) 

Carbon monoxide 
Coordinating Research Council 
Cracked 
End point 

Experimental referee broadened specification fuel 
Final boiling point 
Fluorescent indicator analysis 
Flash point 

Flash point blending index 
Freezing point 

Freezing point blending index 
Hydrocracked or hydrocarbon 
Ratio of hydrogen to carbon by mass 
Initial boiling point 
Inner diameter 

Jet fuel thermal oxidation test 

Mass percent 

Mass percent aromatics 

Mass percent hydrogen 

Massachusetts Institute of Technology 

Number of components 

Naphthalenes 

National Aeronautics and Space Administration 
Not determined 
Property -controlled 
Parts per million 
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SG 

Specific gravity 

SP 

Smoke Point 

SwRI 

Southwest Research Institute 

T50 

ASTM D 86 50% temperature 

TDR 

Tube deposit rating 

V 

Volume fraction 

VI 

Viscosity blending index 

VIS 

Viscosity 

vol%, V% 

Volume percent 

vs 

Versus 

AH 

Heat of Combustion 
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